The seeds of grass pea were selected based on their size, hardness, and microstructure in order to examine their mechanical properties and friction coefficients versus mass. The size, shape, mass, and static friction coefficients of seeds were determined using adequate methods. Seed hardness was measured using compression methods, and it was described by typical and corrected fracture parameters. The microstructure of cotyledons and seed surfaces was viewed using scanning electron microscopy, and surface microimages were processed by digital image analysis. The length of the examined seeds ranged from 5.86 mm to 14.25 mm,  their width ranged from 5.47 mm to 12.93 mm, thickness from 4.59 mm to 6.21 mm, mass  from 0.110 g to 0.570 g, projected area from 28.55 mm 2 to 148.73 mm 2 , and roundness  from 1.060 to 1.126. The static friction coefficients for seeds of the examined accessions and  varieties determined on steel, wood, rubber, and PVC surfaces were 23.4-33.3 • , 24.4-37.2 • ,  29.6-50.4 • , and 22.4-35.4 • , respectively. For grass pea seeds of irregular size and shape,  corrected fracture energy values (with regard to seed mass and volume) were proposed as a more robust parameter of seed hardness. The values of the static friction coefficient depend on both seed mass and the microstructural properties of seed surface digitalized with the involvement of image analysis techniques.
INTRODUCTION
The quality of food products is determined by the chemical and physical properties of raw materials as well as processing parameters. Kernels, grains, and seeds are widely used in industrial production. They differ in shape, size, microstructure, rheological, and surface properties that affect processing and the final quality of products. Seed weight, shape, and size are important parameters in cleaning and transportation. Surface properties also play an important role in processing. Only the friction coefficients of similar legumes (i.e., lentils) have been determined to date. [1, 2, 3] Seed hardness, which is affected by seed size and microstructure, is also an important factor that influences about milling energy and seed damage during storage. Hardness, defined as the force required to deform or to crush the seed, describes accurately only the mechanical resistance of seeds of the same size and shape. Thus, the influence of seed size and orientation on rupture force has often been emphasized. [4, 5, 6] Comparable values were obtained by expressing seed hardness as the force per unit area. [7, 8] As regards seeds with an irregular shape, the comparable values of fracture force or fracture stress are difficult to determine; therefore, fracture energy [9, 10, 11] seems to be a more robust parameter of seed hardness. The physical properties of grass pea seeds [12, 13, 14] and some structural aspects of seed morphology [15, 16, 17] have been studied previously, yet the relationships between these parameters require more detailed investigations.
The grass pea (Lathyrus sativus L.) is cultivated mostly in Eurasia, North America, and Africa. The leading grass pea producers in Europe are Spain, France, and Italy. Owing to its biological and agronomic properties, this crop is also attracting a growing interest in Germany and Poland. The grass pea is characterized by a high level of resistance to drought, insect infestation, low temperatures in early spring, and water-logging. It is tolerant to flood and salinity, ensuring high yield in extremely adverse conditions. [12, 18] The chemical composition of mature seeds is dependent on the cultivar, but generally, grass pea is a good source of protein, carbohydrate, and dietary fiber. [18] Grela et al. [12] found that grass pea is a relatively poor source of fat, but it contains valuable linoleic and linolenic acids. Grass pea starch is characterized by a high amylose content, it offers an alternative to chemically modified starches, and it is a source of resistant starch. [19] When consumed as a staple food for more than three months, grass pea seeds may cause a disease called neurolathyrism. The overall β-N-oxalyl-L-2,3-diaminopropionic acid (ODAP) content can be reduced by cooking the grass pea in water with alkaline solutions in an open pan or under pressure, but no processing method ensures the complete elimination of β-ODAP. [20] This legume species' toxic effect can be minimized by mixing it with gravy demonstrating antioxidant activity or with cereals containing high levels of sulfur amino acids. [21] Thus, the aim of this study was to find a relationship between the mechanical properties and the mass, geometrical and microstructural characteristics of seeds, and friction coefficients and the mass and surface microstructure of seeds.
MATERIALS AND METHODS

Materials
Mature seeds of grass pea (Lathyrus sativus L.) accessions obtained from the Gene Bank in Getersleben (Germany), originating from Italy (IT4051, IT4053, IT4056, IT4069, IT4071, and IT4079), Spain (SP1705), and France (FR1702), and two Polish varieties, Derek and Krab, were examined. The experimental accessions and varieties were selected based on seed size, hardness, and microstructure.
Methods
The size of seeds was determined using the MWM 2325 microscope (PZO, Warsaw, Poland). Object size was measured along three perpendicular planes with 0.01 mm accuracy. [22] Due to the shape of the examined seed, their smallest, medium, and largest dimensions correspond to their thickness, width, and length, respectively. Seed shape was determined by Digital Image Analysis (MicroImage, Olympus Europe, Germany), where the projected area (length × width) (mm 2 ) and roundness (-) were accepted as shape indices. [23] The weight of a single seed was determined using a weighing scale (WA-32, ZMP Gdańsk, Poland) with an accuracy of 0.0001 g. Seed volume was established by the pycnometer method with toluene used for filling the empty space. [24] A compression test was performed using a plate/anvil device attached to a 5000 N load cell of Instron machine (1011, Instron, UK). Cross-head speed was 20 mm/min. Seeds were compressed along the thickness axis. Compression resistance was described by fracture force (N), fracture stress (kPa), strain (-), fracture energy (mJ), and corrected fracture energy with reference to seed weight (weight energy [mJ/g]) and/or to seed volume (volume energy [mJ/cm 3 ]), which were adopted as the mechanical characteristics of the examined seeds. The number of seeds in samples was limited, therefore the determinations were made in 30-35 repetitions.
The static coefficient of friction was determined using four surfaces with various roughness, including steel (R a = 2.81 μm), wood (R a = 1.28 μm), rubber (R a = 0.46 μm), and PVC (R a = 0.04 μm). [25] The surfaces were successively mounted on a drafting table. The table top was tilted until the seeds began to move, leaving an inclined surface. The angle of the inclined surface was then measured as the static coefficient of friction for individual samples with an accuracy of 0.5 o . Surface roughness was determined using a profilographmeter (T1000, Hommel Werke, Germany) in accordance with Polish Standard No. PN-87/M-04251. [26] For microstructure investigations, small fragments of the cotyledon and coat of seeds were mounted on aluminum stubs with silver paint. The samples were coated with gold in a vacuum evaporator (JEE-400, Jeol, Japan) and viewed in a scanning electron microscope (JSM 5200, Jeol, Japan) at 10 kV. Microscopic images were processed by digital image analysis using MicroImage software (Olympus Europe, Germany). Spot (star-or aster-shaped surface elements) density was expressed by the number of spots in the unit area. The spot radius was measured as the radius of a circle at the base of a spot, and spot distance was determined as the distance between the centers of neighboring spots.
RESULTS AND DISCUSSION
The length, width, thickness, and weight of seeds as indices of size and roundness, and projected area as a measure of shape are presented in Table 1 . Seed length ranged The largest seeds belonged to two accessions: IT4051 and IT4053, and the smallest seeds represented the Derek and Krab varieties. It should be noted that the variability of length and width with variance coefficients from 6.8 to 10.3% and 7.4 to 10.7%, respectively, were below the values noted in respect of thickness (variance coefficient 7.1-12.9%). The average weight of a single seed ranged from 0.110 g (Derek) to 0.570 g (IT4053); but the variability of seed weight, represented by variation coefficients of 15.1% (IT4069) to 21.9% (Krab), was very high. According to seed size classification based on the 1000-seed weight, [27] where limit values were set at 50-150 g, 150-250 g, and higher than 250 g for small, medium, and large seeds, respectively, the seeds of var.
Derek and Krab were classified as small, FR1702 and IT4071 as medium, while the remaining seeds were placed in the large seed class. The mass of IT4056 and IT4069 seeds (0.267 and 0.266 g, respectively) exceeded the threshold values for medium-class seeds (250 g) only insignificantly. The noted results were below the values recently reported by Grela et al., [12] validating the general differences between the investigated accessions. The highest differences were observed in respect of IT 4051 (0.449 vs. 0.537 g) and 4053 (0.570 vs. 0.660 g), while the lowest variations were reported for IT 4071 (0.199 vs. 0.201 g) and Derek (0.110 vs. 0.119 g).
The projected area of the length and width plane, that is, both longer axis, showed irregular seed shape that often resembled a circle, a characteristic shape of lentils. The values of the projected area ranged from 148.73 mm 2 (IT4053) to 28.55 mm 2 (Derek), and they were closely correlated with seed weight (R = 0.990). The roundness of the examined seeds changed independently of size, ranging from 1.060 (Derek, nearly round) to 1.126 (IT4071, more oblong). In the measurement of the physical properties of irregularly shaped and variously sized objects such as grass pea seeds, the main problem is to adequately define the dimensions that could be used to obtain comparable characteristics of the examined material.
The parameters of mechanical resistance of seeds, that is, fracture strain (-), fracture force (N), fracture stress (MPa), fracture energy (mJ), fracture energy with reference to seed weight (mJ/g), and seed volume (mJ/cm 3 ) are presented in Table 2 . The hardness of irregularly shaped seeds is particularly difficult to compare. Due to variations in size and shape, the fracture force or fracture energy of single seeds, a common measure of hardness, could not be used. In this study, the relation between fracture force and seed size/weight was examined and the initial correlation coefficients (0.2519 < R < 0.5280) did not confirm a close correlation between the above parameters. Since the number of seeds in the analyzed samples was rather low (seeds were not of industrial origin), seeds were assigned size categories based on different seed weight classes to compensate for the high variability of the examined material. Thus, the correlation between fracture force and seed size appeared to be quite close, and the coefficients of correlation ranged from 0.6774 to 0.9948 ( Fig. 1) . Despite variability of the size and the fracture force of seeds representing different accessions and varieties, there was a clear tendency towards an increase in fracture force along with an increase in seed size. The surface of contact between seed and the compression plate changes during compression, making compression stress, the most popular and univocal physical parameter, difficult to use. In this study, approximate fracture stress was calculated using the area of projected as the contact surface, therefore, the obtained results should be analyzed with caution. Based on the reported fracture force values, the hardest seeds were those of accessions IT4051 and IT4053, and the weakest seeds were represented by IT4056 and Krab. In view of the fracture stress criterion, accession FR1702, var. Krab and Derek were characterized by the hardest seeds, while the seeds of IT4053 were the weakest. Joshi et al. [7] defined the hardness of lentil seeds as force per unit area (MPA) by normalizing the force with the cross-sectional area of the probe. They also found that the seeds of the Boomer variety, being the largest in size, required a higher fracture force than the Fresh Nugget variety with smaller seeds, whereas hardness, expressed as fracture stress, was lower for Boomer (1.46 Figs. 2c and 2d , respectively, confirmed that even approximate fracture stress is a more robust parameter of seed hardness. The microstructure of the cotyledon of IT 4053 seeds was characteristic for seeds of lower mechanical resistance with a relatively soft protein matrix and, mainly, large spaces between cells ( Figs. 2a and 2b) . The cotyledon of Derek seeds (Figs. 2c and 2d) showed features typical for hard seeds, that is, a dense protein matrix with strongly adhering starch granules, compact packing of cells without interspaces and the presence of protein material partly covering the cross-section. [15, 16] It is generally known that hardness is related to seed microstructure. An extremely high difference in seed size allows it to present how seed size affects the values of simple parameters, such as fracture force. The above was clearly demonstrated by comparing the cotyledon microstructure of IT4056 and IT4069 seeds marked by an almost identical average weight/size (0.267 and 0.266 g, respectively) but different mechanical properties (3.77 and 5.57 MPa, respectively). Regardless of the method of hardness determination, IT4056 seeds ( Figs. 2e and 2f ) can be classified as weaker than IT4069 seeds ( Figs. 2g and  2h) , as demonstrated by the differences in their cotyledon microstructure (cell size, middle lamella size, starch granule diameter, and the compactness of the protein matrix).
Fracture energy, another popular measure of mechanical resistance, is closely correlated with fracture force (R = 0.7272), therefore, a parameter accounting for varied seed size had to be found to accurately describe the mechanical properties of the examined seeds. According to fracture energy values, the most mechanically resistant seeds were those of accessions SP1706, IT4051 and IT4079 which required the highest fracture energy, whereas the seeds of var. Derek and Krab and accession IT4056 required the lowest fracture energy ( Table 2 ). It should also be noted that only IT 4051 and Krab, representing hard and weak seeds, respectively, were equally graded in both classifications according to fracture force and fracture energy. Fracture energy is usually related with fracture strain, a parameter describing the elastic behavior of materials. Therefore, the highest fracture strain reported for SP186 and IT4079 (0.186 and 0.143, respectively) and very low values noted in respect of Derek and IT4056 (0.105 and 0.106) validated the above relationship and explained the differences of sample classification according to fracture stress and fracture energy ( Table 2 ). The relatively high fracture force values observed for SP186 and IT4079 (329.1 and 420.5 N, respectively) could be attributed to interactions between the studied material's hardness and elasticity. The use of single seed weight/volume as a measure of seed size, fracture energy with reference to seed weight/volume was proposed as an alternative method of describing the mechanical resistance of grass pea seeds. In view of the reported weight and volume fracture energy values, Derek and FR1702 were characterized by the most resistant seeds, while the seeds of accessions IT4053 and IT4056 were marked by the lowest modified fracture energy ( Table 2 ). Köksel et al. [9] proposed a strain-energy density function in the linear loading region of 10 to 30 N for estimating the hardness of chickpea seeds, and this parameter shows physical and mathematical similarities to the volume fracture energy concept presented in this study.
The mean values of the static coefficient of friction for the examined seeds and the applied surfaces are presented in Table 3 . The highest values of the friction coefficient for steel and wood were determined in respect of the seeds of accession IT4079 (33.3 and 37.2 • , respectively); for rubber-the seeds of accessions SP1706 and IT4079 (50.4 and 48.2 • , respectively), and for PVC-the seeds of accessions IT4051 and IT 4053 (35.4 and 34.6 • , respectively). The lowest values of the friction coefficient for steel, wood, and rubber surfaces were noted in respect of the smallest seeds of var. Derek (23.4, 26.6 , and 29.6 • , respectively), and for PVC surfaces-the seeds of accession IT4071 (22.4 • ). Based on their roughness parameters, the examined surfaces were ranked in the following order: steel (R a = 2.81 μm), wood (R a = 1.28 μm), rubber (R a = 0.46 μm), and PVC (R a = 0.04 μm). The values of static coefficients of friction were not closely related with surface type. The friction coefficients for rougher steel and wood surfaces and smooth PVC surfaces varied in similar ranges (23.4-33.3 • , 24.4-37.2 • , 22.4-35.4 • , respectively), whereas the values of friction coefficients for relatively smooth rubber (29.6-50.4 • ) were approximately 1.5-fold higher. Çarman [3] also noted the highest friction coefficients for lentil seeds on a rubber Table 3 Characteristics of friction of grass pea seeds (Lathyrus sativus L.).
Static coefficient of friction (o) for surfaces
Steel
Wood Gum PVC surface-seeds with 6.6% moisture content had friction coefficients of 0.44, 0.32, and 0.35 on rubber, metal, and plywood surfaces, respectively. The highest dispersion (20.8 • ) of friction coefficient values was also noted for the rubber surface whereas for other surface types, the reported values were twice low (9.9 to 11.0 • ). According to the Bowden and Tabor friction theory, emphasizing the key significance of adhesion forces, friction force is the effect of the shear of adhesive bonds between materials, and shear stress is related to the plastic yield of ruggedness. [28] In view of the above, the highest coefficient of friction characterizing seeds on rubber surfaces was related to the elastic strain of ruggedness, which resulted in change in basic correlation F ∼ N (observed for plastic strain) into correlation F ∼ N 2/3 . The relationship between external friction and surface microstructure was also described by Fornal [16] emphasizes the role of individual surface structures during seed motion. In a study analyzing the surface of lentil seeds, characterized by various diameters of a structural element referred to as the "dome," he noted that the height, diameter and the distance between individual "domes" were varietal characteristics that influenced frictional behavior. Fornal [16] observed the presence of "star"-or "aster"-shaped elements on the surface of grass pea seeds. The microscopic surface images of the analyzed grass pea seeds are shown in Fig. 3a -h, and the characteristic values of digital image analysis (DIA) are summarized in Table 4 . The studied seed surfaces showed marked differences in the number and the appearance of aster-shaped forms. The highest friction coefficients for steel, wood and rubber surfaces were determined in respect of large IT4079 seeds with numerous aster shaped spots ( Figs. 3a and 3b) , where the characteristic features of surface elements (Table 4) were: spot density (142,245 p/mm 2 ), spot radius (4.55 μm) and spot distance (9.72 μm). The seeds of the Derek variety, marked by the smallest size and the lowest friction coefficients, had a smooth surface, and the aster shaped spots varied in form and size ( Figs. 3c and 3d) . The observed spot density was 4428 p/mm 2 , the spot radius was determined at approximately 3.8 μm, and spot distance 11.41 μm (Table 4 ). Additionally, the surface of the examined seeds was covered by cuticular waxy substances which masked the aster shaped spots and generally reduced surface sharpness. For IT4079 and Derek seeds on steel, wood, and rubber surfaces, the variations in seed size and contact area were related to spot characteristics and were highly consistent with the noted friction coefficients. As regards PVC surfaces, the highest friction coefficient was determined for very large seeds of accession IT4051 (Figs. 3e and 3f ) and the lowest for the half smaller seeds of accession IT4071 (Figs. 3g and 3h ). Certain differences in spot characteristics (similar spot density but slightly different spot radius and average spot distance) were noted (Table 4) , but in addition to the above differences and the different seed size, the presence of cuticular waxy substances on the spots of IT4071 seeds could be the reason for low friction coefficient values. A very low friction coefficient for a PVC surface and Derek seeds with cuticular waxy substances on the surface (26.7 • ) supports the above inference. The sharpness of the peak, which was not measured in this study, could also affect the reported values of the friction coefficient. Therefore, the presented results of microscopic and DIA analyses validate the significance of surface characteristics in the determination of friction forces in plant material.
CONCLUSIONS
The botanical/genetic origin of grass pea seeds markedly influences their mass, geometrical, mechanical, surface, and microstructural properties. Fracture force, a popular parameter of the mechanical resistance of seeds, is significantly affected by seed size and shape despite native microstructural hardness. Thus, for grass pea seeds of irregular size and shape, corrected fracture energy values (with regard to seed mass and volume) were proposed as a more robust parameter of seed hardness. The values of the static friction coefficient for seeds of the examined accessions and varieties on steel, wood, rubber, and PVC surfaces depend on both seed mass and the microstructural properties of seed surface digitalized with the involvement of DIA techniques.
